Free-electron lasers offer a variety of unique properties for spectroscopy and imaging. The combination of high peak brilliance and a high repetition rate opens a window to experiments that have not been feasible so far but also introduces challenges in sample preparation and refreshment. First experiments at the Linac Coherent Light Source (LCLS) in Stanford showed the potential of free electron lasers for serial X-ray crystallography as well as for imaging non-reproducible objects. Owing to the superconducting accelerator technology, the European X-ray Free-Electron Laser Facility (European XFEL) will allow an average repetition rate of up to 27 kHz with bunch separation in the order of 200 ns. This extremely high repetition rate gives great chances for the scientific impact of the European XFEL, but it also comes with challenges for providing fresh samples for each bunch. This contribution will give an overview of the sample environment techniques that are in consideration for the European XFEL Facility. These techniques include gas phase, liquid, and aerosol sources for life science and physics experiments.
INTRODUCTION
X-ray free-electron laser (XFEL) sources are valuable devices because of their high peak brightness and ultra short pulse lengths that allow resolving chemical processes in the femtosecond range. Because of the statistical nature of the X-ray production in SASE * XFELs, a typical experiment consists of many repetitions of identical measurements. A common data analysis method is to sort the data according to X-ray energy and pulse intensity and then average the data taken with similar beam parameters. This technique has the strength of processing a whole range of energies and intensities simultaneously. Thereby it inherently avoids systematic errors due to drift that occur when data is taken with a scanning source.
To study time dependent processes, pump-probe-schemes with an external laser as excitation source and the XFEL pulses as probe are common approaches. In this technique, the unavoidable jitter in the synchronization between laser light and X-rays induces another degree of freedom. The time resolution can be considerably increased by sorting the data with respect to an external relative timing measurement.
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The need to select data taken with similar beam parameters out of a plethora of different measurements sets the demand for high repetition rates to collect enough data in a reasonable time. High repetition rates, on the other hand, set high demands on the equipment for XFEL experiments. The detectors need to read out fast enough to meet the repetition rate of the X-ray source. This causes high data rates that have to be pre-processed in real time and stored for future evaluation. Online data has to be extracted for the scientists to control and optimize the experiment. Finally, the high intensity of the X-rays in XFEL sources demands to change the sample rapidly. In many experiments, the sample is destroyed in a single pulse of the XFEL and has to be replaced before the next pulse. Table 1 gives an overview over the XFEL sources and their repetition rates. Two time scales are important for sample refreshment: The normal conducting sources reach repetition rates of 120 Hz, allowing about 8 ms time between subsequent pulses for sample refreshment. The superconducting accelerator of the European XFEL Facility will allow for production of up to 27.000 X-ray pulses per second. These pulses will come in bunch trains with a repetition rate of 10 Hz. Within each pulse train, 2.700 pulses can be generated with a repetition rate of 4.5 MHz. A complete filling of this pulse structure leaves only 200 ns time for sample refreshment between subsequent pulses. However, it leaves 99 ms between subsequent bunch trains. A scheme of the pulse structure is given in figure 1 .
The unique pulse structure of the European XFEL delivers over 200 times as many pulses per second as an XFEL based on normal conducting accelerators. The 2D detector technology (for example the Adaptive Gain Integrating Pixel Detector AGIPD 3 or the Large Pixel Detector LPD 4, 5 ) will be able to collect 2.000 to 5.000 images per second. Thus, a typical experiment at the European XFEL can be about 20 times faster. Within 20 min, it has the potential to collect as much data as a 120 Hz source in an 8 h shift. An experiment that takes minutes rather than hours sets high demands on reliability and robustness of sample delivery methods.
SAMPLE TYPES
Experiments at XFELs use a large variety of different samples. For the first gas phase measurements at a soft X-ray FEL, the TESLA Test Facility (TTF) at DESY in Hamburg (Germany), a rare gas cluster source has been used. 6 This source was capable of producing pulsed supersonic jets of rare gas atoms as well as clusters. Similar experiments on free atoms 7 and rare gas clusters 8 provide exciting new results at the hard X-ray FELs.
In this report, we focus on sample delivery methods that are fit to bring biological samples into the beam of an FEL. The potential of XFEL sources for biomolecular imaging has been pointed out in 2000 by Richard Neutze et al. 9 In the imaging before destruction approach, a biomolecule can scatter enough photons for a complete reconstruction of the shape, before it is destroyed by the absorbed energy. The principle has been demonstrated on a fixed target diffraction pattern at the soft X-ray FEL FLASH in Hamburg.
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At the XFEL LCLS in Stanford (USA), the goal to image biomolecules has been approached from two sides. Serial femtosecond nano-crystallography 11 can solve the structure of protein complexes in nanosized crystals. Growing large crystals for crystallography at synchrotron radiation sources is the main bottleneck in structural biology. Serial nano-crystallography can overcome this problem by recording the scattering of hundred thousands of randomly oriented nano-crystals and computationally reconstructing the 3D-structure. By this method, a new structure has been solved recently. 12 The other looks at single particles of large biological objects such as viruses.
13 For X-ray serial nano-crystallography, the crystals are prepared in liquid suspension and brought into the X-rays by liquid jets. The enhancement of the scattering amplitude in the Bragg-peaks is strong enough to exceed the background from scattering in the solvent. Imaging of single virus particles on the other hand relies on free particles in vacuum. Here aerosol sources are necessary.
LIQUIDS

Liquid jets
Liquid jet systems can produce stable streams of liquids and particles in solution. Mainly two types of liquid jet nozzles are used in cross beam experiments with synchrotron or XFEL light: Pure liquid nozzles (Rayleigh jets) and liquid nozzles assisted by coaxial gas flow also referred to as gas dynamic virtual nozzle (GDVN).
Vacuum compatible systems of the Rayleigh jets with diameters ranging approximately from 5 to 100 µm exist. These nozzles are applied e.g. for photoelectron and X-ray absorption spectroscopy.
14, 15 These nozzles are also used with the soft laser desorption technique where ions are laser desorbed from liquid beams or droplets to study biological macromolecules by mass spectrometry. 16 Here, typical liquid jet flow velocities are up to 120 m/s driven by a chromatography system with pressures at 10-50 bar. The sample consumption is in the ml/min range.
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For delivering biologically relevant material, such as nano-crystals to the interaction region, the sample consumption of these conventional jets is too high. Sample consumption can be reduced by slowing down the stream or -more effectively -by reducing the diameter of the nozzle. However, for orifice diameters smaller than 10 µm, clogging of the nozzles becomes an issue. To reduce the jet diameter without the danger of clogging the sample delivery, GDVN liquid jets were introduced. [18] [19] [20] The liquid jet flows through a central capillary and is focused down to a few micrometers by the pressure of co-flowing gas when passing through an aperture. Typically the central capillary has an inner diameter of 50 µm, centered inside a glass tube, which is flame polished at the end to form a convergent 50-100 µm diameter. Liquid and gas pressures are in the order of 15 and 30 bar respectively. 20 Even jet diameters below 1 µm have been recently achieved. 21 The state of the art gas dynamic virtual nozzles are difficult to manufacture. New designs, like using microfluidic devices for mass production of nozzles, are under consideration.
GDVN liquid jets have been successfully used for nano crystallography
11 at different XFELs. These liquid jets have the advantage to study biological samples in their natural environment and to refresh the sample throughout the experiment with sample consumption in the order of 10 µl/min.
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In general, the liquid jet emerges from the nozzles as a cylindrical stream, which eventually breaks up into droplets due to the Rayleigh instability. The droplets can be used as an aerosol source for an aerodynamic lens.
Online monitoring of the liquid jets is fundamental to control their performance, i.e. stable jetting, no clogging of the nozzle or freezing of the system. Furthermore, online monitoring is an important tool for checking the overlap of the liquid jet with the X-ray beam or with a pump laser by visualization of the plasma or illumination respectively.
A lot of technical developments have improved the application of liquid jets under vacuum conditions. To avoid a too high gas load from the evaporating solvent, the free jet in vacuum has to be as short as possible. To avoid contamination of the detector, a catcher system needs to accept the biggest part of the solvent and ideally all the suspended specimen.
Today, two different designs for a catcher system exist. One design consists of a nozzle shroud and a catcher shroud connected with a bayonet coupling to make connection without breaking the vacuum possible. The nozzle shroud is differentially pumped with a small inlet hole for the FEL beam and a wide exit angle for scattered light. Removing the nozzle without breaking the vacuum of the main chamber is also possible. The catcher shroud consists mainly of a turbo pumped tube. Under liquid jet operation the main chamber pressure stays below 4 · 10 −5 mbar.
The second design is used with the Rayleigh jets. A beam trap, a little container, collects the liquid. The dimensions of the skimmer entrance channel of the beam trap are chosen under consideration of the hydrodynamic forces between the incoming liquid and the outflowing vapor gas. Heating of the catcher aperture helps preventing ice formation and drives the condensing liquid to a cooled recycling vessel. Also here pressures of 10 −5 mbar can be achieved in the main chamber.
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Additionally sample delivery to the liquid jets needs also carefully consideration. For example the system should be light tight and temperature controlled to make sure that temperature or light sensitive samples are not destroyed. A rotating sample delivery device has been built, currently also temperature controlled, to prevent settling of crystals in the liquid. 23 
Liquid sheets
For some applications it is preferable to use a flat liquid sheet rather then a cylindrical jet. Those liquid sheets have a better defined surface so that the incident angle of the radiation can be easily controlled. Also the thickness of the sheet is better defined compared with a round jet. This can be helpful for absorption measurements.
Liquid sheets can be formed in different ways: With a flat spray nozzle, 24 with a liquid jet impact on a disk 25 and with two impinging jets. 26 Already in 1833, Savart started his interest in liquid sheets. Surface tension and dynamic and static properties were investigated. Later, more details of controlling the liquid atomization in engines were of interest. 
Towards higher efficiency
The special time structure of the European XFEL Facility (see figure 1 ) makes pulsing of liquid jet sources desirable. While for the normal conducting XFELs, slowing down the jet is an effective way of increasing sample delivery efficiency, for the European XFEL Facility the jet needs to deliver a fresh sample in only 220 ns within a pulse train of 600 µs length. For the rest of 100 ms, no X-ray pulses are available. Therefore a method is necessary to deliver samples effectively in a pulsed mode.
A straight forward method for pulsed sample delivery method would be a drop-on-demand source as they are used for ink-jet printer heads. However, biosamples in suspension tend to settle and clog the nozzle when the stream stops. Another approach will be on-chip mixing of liquids in microfluidic devices. Here the samples could be mixed into a constantly floating stream of solvent synchronized with the XFEL source. Future investigations have to show the feasibility and the prospects of the different approaches.
AEROSOL INJECTORS
Aerosol injectors allow to introduce any kind of aerosol particles or droplets into the vacuum of the sample chamber. Examples for aerosol sources include the afore-mentioned liquid jets and spark generators that produce an aerosol of soot particles.
28, 29 For a user facility like the European XFEL, this versatility is a major advantage. The same aerosol injector, combined with a variety of aerosol sources, can be used by many user groups to inject their sample into the interaction region.
Compared with particles in liquid jets or on a substrate, aerosol particles are free from surrounding scatterers in the solvent or substrate. Therefore the image is considerably cleaner and the reconstruction algorithm 28, 30 can be based on the assumption of a finite scatterer. This kind of prior knowledge can be important to reconstruct the real space image from the scattered intensities. In this section, we will first introduce the concept of aerosol injectors in general and then suggest the use of native mass spectrometry in order to make more efficient use of the sample.
Aerodynamic lenses
In an aerodynamic lens injector, an aerosol streams through a cascade of apertures. These apertures act as aerodynamic lenses, concentrating the particle density in the center of the stream. The concept has been described by Murphy and Sears in 1964. 31 Liu and co-workers developed a more complete description of the theoretical foundations 32 and tested the dependence of the beam profile in dependence on the most important parameters experimentally.
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The focussing of the aerosol particles and droplets is governed by the particle Stokes number
where τ 0 is the particle relaxation time, U 0 and d f are the fluid velocity and the inner lens diameter, respectively. The particle relaxation time is a measure, how quickly the aerosol particles follow direction and velocity changes of the fluid. It is generally smaller for small particles.
Aerosol particles and droplets with a small Stokes number follow the surrounding fluid and cannot be concentrated efficiently. At high Stokes numbers, the fluid stream fails to re-collimate the particles behind the lens and the stream remains divergent. Liu and co-workers found optimal stokes numbers in the range between S = 0.7 and 1. They reached good focussing conditions with a 5 lens setup for particles between 20 and 240 nm diameters.
Aerodynamic lenses have been used successfully for single-shot femtosecond X-ray diffraction of nanoparticles at the soft X-ray free-electron laser FLASH in Hamburg. 29 In this experiments, ellipsoidal iron oxide nanoparticles with dimensions of 200 ± 8 nm and 50 ± 2 nm and other nanoparticles have been imaged. The intensity of a single X-ray pulse is sufficient to destroy the particle completely. However, the femtoseconds short pulses of an XFEL source delivers enough scattered photons before radiation damage and melting can destroy the shape of the sample. The aerosol injector that was used in this experiment produced a particle beam of approximately 250 µm diameter. 34 At LCLS, a similar aerodynamic lens injector has been used to image soot particles 28 and mimi-viruses.
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The velocity of the particle stream was between 60 and 150 m/s. The high speed of the particles is of great importance for the sample refreshment in XFELs. At the European XFEL the X-ray focus will be on the order of 1 µm down to 100 nm. At the speed of 60 m/s a particle remains less than 20 ns in the focus area. Even with the highest repetition rate of 4.5 MHz at this XFEL source, the sample is refreshed for the next X-ray pulse.
Equipped with an additional skimmer for differential pumping, these aerodynamic lens injectors are capable to inject particles into a vacuum chamber with an base line pressure between 10 −5 to 10 −7 mbar depending on the samples. If the samples are suspended in solution, the droplets become desolvated on the way through the lens setup. However, adiabatic cooling rapidly cools down the droplets and the samples may end up with a shell of solvent complicating the structure resolution.
Native mass spectrometry
Another option to deliver single particles at XFEL sources is to ionize them as in native mass spectrometry (MS). To transfer intact non-covalent complexes of proteins or other biomolecules into the gas phase of a mass spectrometer, a soft ionisation technique operating with analytes in solution is optimally suited. Therefore, electrospray ionization (ESI, Fig. 2 ) is usually applied in native MS.
35-37 ESI produces multiply charged ions of single protein complexes (Fig. 2) , which reduces the required mass-to-charge ratio (m/z ) to be covered by mass analyzers. From adjacent peaks of an ion series, the mass can be derived. Ions are gradually transferred from atmospheric pressure to vacuum in the source region. Occasional collisions with residual gas especially decrease the transversal velocity of ions and increase the desolvation. Thus, essentially solvent-free protein complexes reach the detector when volatile buffers, such as aqueous ammonium acetate, are used. Resulting signals are often sharp enough to determine accurate binding affinities. 38, 39 Furthermore, ions become trapped in the solution state upon desolvation providing a snapshot of distributions and enabling time-resolved studies.
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With its capabilities, ESI is superior to aerodynamic lenses. Aerodynamic lenses produce a high background around the sample when the sample size is much smaller than the droplet diameter. The background originates 40, 42 showing intermediates of the assembly process below m/z 8,000. The left inset shows the selection of a hexameric precursor in the quadrupole (Q) and its identification by subsequent CID. Furthermore, the samples can be shape selected as demonstrated for the 18 + hexamer, which overlaps with the tetramer. C) Scheme of the planned MS setup optimized for XFEL imaging. The interaction with the X-ray from the XFEL is located behind or in an electromagnetic ion-trap. A quadrupole mass selector can assure the selectivity of the injector for a well defined sample. The inset exemplifies this process on a capsid assembly reaction. from two sources. First, due to high sample concentration and relatively large droplet sizes, more than one particle or additional material, such as debris from damaged particles, can end up in the same droplet and contribute to the diffraction pattern. Second, residual solvent increases the background scattering. In aerodynamic lenses, the solvent is removed passively by evaporation causing adiabatic cooling. Therefore, evaporation of solvent and buffer components stops below a threshold temperature. Even though, droplets produced in ESI are initially larger than for optimised non-ionising aerosol sources, droplet fission and Coulomb explosion of droplets, triggered by increasing charge during solvent evaporation, lead to production of single particles. Additionally, low sample concentrations ensure separation of particles. Gas collisions of the ions partially compensate adiabatic cooling and ensure complete desolvation.
Of course, a lower sample concentration would also decrease background from additional material in aerodynamic lenses but this would cause a too low XFEL interaction rate for structure determination. This problem can be circumvented in native MS sample delivery as ions even of large protein complexes can be trapped to increase the particle density. 43, 44 The exact location of the interaction region and the trap design are currently investigated to guarantee: sufficient interaction rates, sample refreshment between laser pulses of the European XFEL, removal of plasma components formed after interaction, and recording of diffraction patterns to high resolution. Trapping of ions also enables pulsed particle release, which is difficult to realize in other aerosol sources. Currently, conservative estimates for ion flux created in ESI (over 200,000 protein complexions/s) and density of trapped ions (1000/mm 3 ) suggest that the application of a native mass spectrometer for sample delivery will only be feasible at high repetition rate sources like the European XFEL Facility. At low pulse rates, data collection may not be achieved in a reasonable time frame. In summary, MS can significantly reduce sample consumption and background scattering.
To preserve the structure of a protein complex, recording diffraction patterns directly from solution would be ideal. This can only be achieved with liquid jets, however the surrounding liquid produces a high background with hard X-rays compared to the diffraction intensity of single particles. Therefore, liquid jets are not suited for high resolution structure determination of individual protein complexes. In some cases, the transfer to the gas phase could change the structure of a molecule. This is especially true for flexible regions, however it can be expected that the core of the structure stays intact and biological insights can still be obtained. Furthermore, flexible regions usually are also unresolved in crystals and techniques to protect flexible regions are available in MS.
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The charge on the ions in MS could further affect the structure. However, the amount of charges per mass unit is low (1 per 2,000 to 20,000 mass units for protein sizes of 20 kDa to 3 MDa, respectively). MS results and simulations indicate that solution structures are indeed retained in the gas phase. 47, 48 Ion mobility (IM) allows the shape of ions to be studied, especially monitoring of conformational changes upon ligand binding, 49, 50 albeit with low structural resolution (several nm). Results from IM-MS further support the view that the structure is retained. 42, 44, [51] [52] [53] Even if minor changes occur, significant biological conclusions can probably still be drawn, especially when the protein backbone is unaffected. Resolutions below 1 nm, better 5Å, should be obtained.
After the source, quadrupole mass analyzers (Q, Fig. 2 ) are often placed to enable selection of ions based on m/z (Fig. 2 insert) . These can then be subjected to tandem MS experiments (MS/MS). Single unfolded subunits are usually ejected from the periphery of protein complexes after collision induced dissociation (CID) with rare gases in MS/MS.
54 MS/MS can thereby be utilised to confirm the stoichiometry of a complex and derive topological information. Further topology data can be obtained by adding small amounts of organic modifiers to generate sub-complexes. 55 Ions from MS and MS/MS mode are finally detected in an orthogonal time-of-flight (ToF) analyzer. We envision placing the trap between the two mass analyzers. This would enable selection of individual species in the Q providing a major advantage compared to aerodynamic lenses, which do not support particle separation by size. Should some debris or other material stick to the particles even in ESI, selection would remove those and only intact protein complexes are imaged. Moreover, purification of protein complexes is often imperfect. The Q can be used to eliminate impurities.
Selectivity in the Q is of special interest when studying reactions of or between proteins. Reactions represent complex mixtures of start, intermediate and product components. Aerodynamic lenses require that the diffraction patterns are sorted afterwards, which is computationally challenging. Therefore, Q implementation allows imaging of different species separately, significantly reducing the computational costs. The virtual concentration of very low abundant or transient species can be increased, which would be missed otherwise. For example in virus capsid assembly, 90% of the detected signal corresponds to the full capsid and the free building blocks (figure 2B). The remaining 10% are split amongst the many more interesting intermediates and would probably be missed in the diffraction data without selection. It has been shown that MS with its high sensitivity can detect capsid intermediates. 42, 56 There is also the possibility to insert a mobility analyzer cell prior to the trap and select by shape in addition to m/z.
Particles, which have not interacted with the XFEL, can be detected in the ToF. Thereby, sample influx and integrity are constantly monitored. Maintaining sample supply is a common bottleneck for aerodynamic lenses. Often, the only readout is the production of diffraction patterns. Due to the need for small droplets, tiny jets are used, which are hardly visible in a microscope and often unstable. The other main advantages of ToFs are simultaneous detection of all ion species and a virtually unlimited mass range. Up to now, charge states of protein complexes as heavy as 18 MDa have been resolved and analyzed.
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Native MS has so far focussed on soluble proteins from overexpression systems. However, endogenous protein complexes can also be purified, for example by tandem affinity approaches using a tagged component, and subjected to native MS. 58, 59 Due to the high sensitivity of the instruments, the low achieved sample yields are sufficient. Moreover, membrane proteins protected by detergent micelles can be analyzed in native MS.
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Stoichiometry and shape are usually retained as for soluble proteins. Furthermore, structural lipids, which usually interact tightly, can be identified in native MS as the detergent cannot replace them. To facilitate mass determination of membrane proteins, the ions are activated in CID to remove the detergent layer from transmembrane regions and resolve charge states.
CONCLUSIONS AND OUTLOOK
In this proceeding we report the current status of liquid and aerosol sample delivery methods for high repetition rate XFELs and give an outlook to develop a native mass spectrometry into a sample delivery method. Both, liquid jets and aerosol injectors have and will have their place in sample preparation methods for biology.
Liquid jets are successfully used in serial femtosecond crystallography experiments where the Bragg peaks of nano crystals are sufficiently intense to surmount the background scattering from the surrounding solvent. The smallest beam diameters and thereby the best sample efficiency can be reached by gas dynamic virtual nozzles (GDVN).
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Today, nozzle production is time consuming. Future development is necessary to enable mass production of these devices. Sample efficiency can be further improved for European XFEL by pulsing the sample stream synchronized with the X-ray pulse trains. It is envisioned to develop microfluidic devices for both, mass production of nozzles and synchronized delivery of samples.
Aerodynamic lens stacks are used to bring isolated samples from an aerosol into the X-rays of an XFEL. For single particle imaging, where signals are weak with respect to background scattering from solvents, this is the preferred technology. For hard X-ray imaging, there is demand to focus streams of less than 100 nm particles. For such small samples, further optimization of the technique is required.
A drawback of aerodynamic lens stacks is their poor sample selectivity. In order to image small particles selectively, we introduce the idea to develop an ion sample delivery system on the basis of native mass spectrometry. This technique is especially useful for structure analysis of protein complexes in their native state. The combination of quadrupole mass spectrometry with an ion trap for storage and pulsed delivery of the selected targets will considerably reduce the background from undesired species and improve the efficiency of sample delivery. For many biologically interesting samples, this is of paramount importance for imaging them with the short and intense X-ray pulses of an XFEL source.
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